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ABSTRACT

This paper proposes an approach for obtaining a relatively simple set of equations
which apply to the description of TRAPATT phenomenon and applies it to model trapped-
plasma mode oscillations in a p* n — n* silicon diode.

Typical voltage, conduction current, electric field and carrier charge wave-forms are
presented for a square wave of drive current. The diffusion transport phenomenon is
shown to affect the diode operating characteristics. The subperiods of the diode voltage
and conduction current are found to be useful parameters in dilineating the diode
operating frequency limits.

The influence of the diode physical parameters and the effects of the package circuit
parasitic on the diode performance are explored, and curves for practical design presented.
The predicted RF performance shows good agreement with experimental measurement for
a typical L-band TRAPATT oscillator.

NOTATION Is total reverse saturation current
It eternal drive current Np net doping concentration
Ipk,Ink hole and electron current Up, Un hole and electron mobilities
crossing boundary K
Axk width of Kth lump Dp , Dn hole and electron diffusion constants
PBk , nBk hole and electron Kth K Boltzman constant
boundary densities T absolute temperature
Py, nk average hole and electron E total diode electric field
densities in lump K Ex electric field at boundary K
Ap diode area Ic  diode conduction current

q electronic charge Jn  drive current factor
Qpk , QOnk magnitude of total hole and Ep diode breakdown field
electron charges

Opk , Onk hole and electron ionization Q time derivative of Q
rates at Kb boundaries E time derivative of E
Upk , Unk hole and electron carrier Vp diode terminal voltage
velocities at Kth boundaries Vs  diode breakdown voltage
Usp, Usn hole and electron saturation © diode active (avalanche) region width
velocities € permittivity of doped semi conductor
Na, Ng fixed ionized acceptor and
donor impurities
Ips, Ins hole and electron reverse

saturation current
components
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Rp package series resistance
Ly effective package series inductance
Cp package shunt capacitace

The ionization rates are assumed to be of the form

(1) - (2) for silicon.

— 6
a, = 2.25x 107 exp (@) for holes,

a, = 3.80 X 10° exp (%st) for electrons,

while the carrier velocities are taken as

Vp = VUsp (1 —exp (-1p E),

Lsp= 7 X 10® cm/sec

Un = Lsn (1 - exp (-yn E)),

vsn= 107 cm/sec

where Yy , yn are hole and electron velocity
constants, (1.49 x 104cm/v, 0.85 x 10*4 cm/v for
silicon), determined by curve fitting the function

to the experimental data (3) — (4).

INTRODUCTION
Trapped plasma mode avalanche
semiconductor devices, commonly called

TRAPATT diodes, are well known for achieving
reliable high output powers (up to 1 KW or more
in pulsed mode) and high efficiencies (up to 60
percent) when operating as single diode chips [5] —
[8]. These unique capabilities make the devices
potentially useful for many applications in
military and commercial communication systems
such as fuses for missile guidance and anti-
aircraft gun control, high data rate FM
transmitters, aircraft landing systems and high
power satellite transponder systems [8]- [12]. The
expected rapid advances in TRAPATT technology
development, however, have not yet been fully
realized due first to the fact that the complex
nature of the device intrinsic behavior is not yet
well understood, and secondly to the fact that
there is incomplete knowledge of the complex
TRAPATT diode - external circuit interaction
involved in the operation of the device in a

practical RF circuit. If the potential systems
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applications of these devices are to be fully
exploited, there is, therefore, a need for continued
efforts towards the better understanding of the
intrinsic behaviour of the devices, the critical
factors affecting their efficient operation and ways
of optimally incorporating them in RF circuits.

The design of practical TRAPATT circuits
calls for a modeling approach suitable for both the
complete diode and diode-external circuit
interaction analysis. Published models and
modeling techniques applicable to trapped plasma
mode phenomena [13] — [16] are largely device —
physics oriented. Although they employ actual
device equations in their analyses, they are in
general, either too costly or too restrictive for
design purposes, particularly where the device
external circuit interaction is to be studied.
Existing circuit- design oriented models [17] -[18],
on the other hand, require a priori knowledge of
various parameters and employ little device-
physics. Their usefulness is further limited where
performance characteristics must be explored as
functions of device structures and materials.

This paper describes a “compromise”
modeling approach suitable for the analysis of
both the actual TRAPATT device physics and the
device — external circuit interaction. The only
diode characteristics required for simulation are
the active region width, diode area, breakdown
voltage and doping profile, and these are easily
measurable quantities for a given diode structure.
The physical mechanisms associated with trapped
plasma mode oscillations in P* —-N-N* silicon
diodes are presented. Parametric studies are also
carried out to explore the effects of diode physical
parameters and package circuit parasitics on the
diode performance. The wuseful operating
frequency limits of trapped plasma mode

oscillations are dilineated. The actual effects of
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diffusion transport phenomena on the diode

performance are studied.

2.0 FORMULATION OF THE PHYSICAL

MODEL
2.1 THE MODELING TECHNIQUE

The model, for a given TRAPPATT
diode structure is based on distributed
avalanching phenomena throughout the
whole diode active region. It is obtained by
dividing the diode active region into cells or
lumps and applying to each lump the general
partial differential equations governing the
behaviour of carriers and electric fields in an
avalanching semi-conductor chip. The
equations of interest are the one-dimensional
partial  differential equations for the
generation, diffusion and drift of holes and
electrons as well as poison’s and the
conservation of current equation. By
assuming uniform spatial variation of carrier
charges and linear variation of electric fields
in each cell, a relatively simple time domain
device-physics model, consisting of a set of
coupled first — order differential equations is
obtained. The model is a flexible one,
accommodating any arbitrary doping profile,
different ionization rates for holes and

electrons, unsaturated and unequal carrier
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velocities, unequal diffusion constraints, and
any modifications to reflect refinements in
the user’s requirement such as the number of
lumps. Thus, for specified diode parameters,
namely area (Ap) , active region width (W),
breakdown voltage (Vs) and doping profile,
and given external current drive (Iy), the
model predicts whether or not trapped
plasma mode oscillations are possible.

One of the major advantages of the
technique is that, since the diode package
and the external circuit may also be
described in time domain, a simple
simultaneous solution to the complete device
— external circuit complex may be obtained.
Therefore any circuit instabilities may be
recognized and corrected with minimum
computation while the circuit element values
necessary to sustain efficient trapped plasma
mode oscillations at the diode are predicted.
Thus circuit optimization is rapid. The
economical nature of the present method is
further enhanced by the fact that a small
number of cells (lumps) give reasonably
accurate results.

2.2 ANALYSIS

Consider a general P+~N-N* TRAPATT diode
with the avalanche active region, of constant
width W, partitioned into L—cells or lumps as

shown in Fig.1.
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Fig. 1: Partitioned active region width showing lump variables

For an abrupt junction device and equal lump width condition, the basic
general equations in one dimension governing the behaiour of carriers and
electric fields become for the Kt lump.

(a) Continuity Equation

Qui = Ay + Ay U Qi + api Uy Qpy , for electrons (1)
ka = —Al + Apg Upg Qnie + Apk Upk ka , for holes
9 A

WhereAl, = (Iy4q — Ix),: —

_) —
ox Ax
(b)Poisson’s Equation
Qpk = Qnk + €Ap(Ex41 — Ex) — Qp (2)
Where Qp = Qnk — Qna = qAp(Ng — Ng)Ax

And from the conservation of current equation we obtain

. I 1 Iy
Ek — T _ nk _ p (3)
EAp EAp EAp

Where Lyx = Ion, + Inp,, + Ins , for €lectrons ......................... (4)

Ion, = (qApOyknpy) kthboundary electron drift current
Lip, = (qADDn {%}) kth boundary electron diffusion current.

Similar definitions apply for the hole current Ipx.
Since Qn, Qp are coupled through equation (2), we can eliminate either one
by substitution. Combining equation (2) and (1) yields:

Qui = Ay + (ank Unk + Qp Upk)an + Apayy Uk (Exs1 — Ex) — aprpQp ()
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The average lump carrier densities (Fig. 1) are given by

P, =2 for holes (6)
n, = % for electrons
Since Ly = Ipn, + Inp, + Ins  Loic = Iop, + Lop, + Ips (7)

and Ins, Ips constant.

Then

ALy = Ings1 — Ik = Blop,, + Alyp,; Al = Ay, + Alyp, = lpgyr — I (7)
Equation (6) is used to evaluate the boundary carrier (hole and electron)
densities and hence the boundary carrier drift and diffusion currents to

yield boundary hole and electron currents for L-lumps as:

L+1

Zupk m—k Dp
hoie = 52 Z (D" * Qi = (7 Qoiss = Qi) + s (K = 1.2, L +1) . (8)
m=k

L+1

20 k _
Ik = A; Z(_l)k m+1Qnm +

Dy,
(Ax)?

(an+1 - an) + InSr (K = 112' ,L + 1) (9)

m=k

Putting equation (9) in equation (7) gives for electrons:
Alpg = Iygeyr — Ik

k-1
2 2 2v k+1 Dn
Ax (Unk+1 + Unk) m:1( ) an m + Ax + (Ax)2 an

n

e Qe = Q) (0)

Equation (10) in equation (5) yields:
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k-1
2

an = E (Unk+1 + Unk) (_1)ank—m +

m=1

(A )2( an+1

(ank Unk + a’pk Upk + (A,’X,')Z +

Qni+2) + €Apayy Uy (Eyy1 — Ey)
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Dn 2Unk+1
Ax

) Qnk

- apk UkaD (11)

Equation (8) and (9) in equation (3) gives:

—20
Eie = eADX;
B Zupk
eApAx
m+1
L
+£ADA (D"

m=k

Equations (11) and (12) are the
required state-equations describing

the TRAPATT diode internal

behaviour for an abrupt junction

lump width partitioning must be used. In
this case Ax and Qp are replaced by Axx
andQpk respectively.

In the above equations (11) and (12) , it
is seen that the diode active region
behaviour is completely characterized by a

D DGy s Qo Qi)
=1

X 1 m—k Dp
Z (1" Qun 25 eneyz Qo = Quss)

IT - IS
m) T (A )2 (Ek 2Ek+1 + Ek+2) + EAD
. (12)
structure  with  equal width
partitioning. For an Arbitrary
Doping  profile, e.g. graded

junction, Unequal

set of (2L+1) first-order differential equations
involving L equations for the lump charge
derivatives and (L+1) equations for the lump
boundary electric field derivatives.

The voltage Vp, across the active region

is given by:
L+1

= %sz (Ex-1 + Ex)
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for abrupt junction structure;
L+1

1
Vo =5 > (Bez + Ei) By
k=2

, for arbitrary doping structure; ... ... ... (13)
The diode conduction current is simply:
I, = Iy — ApE e e o (14)

Thus for a given diode and external drive
current, Ir, the diode voltage and current
wave forms are easily obtained.

3.0 DIODE INTRINSIC BEHAVIOUR
3.1 NUMERICAL CALCULATIONS

The model system of equations is
solved on a digital computer. To carry out
simulation, the initial conditions are
determined by assuming a small and
constant value of current flowing through
the diode reverse biased at breakdown, and
setting all the time derivatives to zero. For a
large step in drive current, the time taken for
the diode terminal voltage to recover to its
breakdown value after it has collapsed to a
very low value gives half the oscillation
period and thus the duration of the external
(applied) current drive. This procedure

wr.

3

DIODE VOLTASE (VOLTS)
g|¥ &

8

Time, ne

Fig.2(a): Effect of diffusion transport
phenomenon on voltage.
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removes(18e arbitrary choice of current
duration employed by the existing trapped
plasma mode analyses [13, 14, 17, 18]. The
required number of lumps, L, to realistically
model the TRAPATT phenomena for a given
width is determined from extensive tests for
convergence and accuracy. Fourier analysis
of the applied current and the corresponding
diode voltage yields the diode RF power and
dc — Rf conversion efficiency.

OPERATING
DIFFUSION

3.2 INTRINSIC
CHARACTERISTICS AND
CURRENT EFFECTS

Fig. 2 and 3 show the typical voltage,
lump electron charge and electric fields for a
general P+ - N - N+ abrupt junction diode (Ap
= 1.55 x 104 cm?, Vg = 90V, W = 3um and
doping density Np 1.75 x 1015 cm3) for
specified drive current factor, Jx = (Ir/2 .q.
Ap.Np . Vi) with and without the inclusion of
diffusion current effects. The electric fields,
Fig. 3, are plotted at arbitrary increasing
voltage time

o

S
~N

LUMP BOUNDARY NUMBER \

0o | 1 1 1 1 1 4
! 4q

LUMP CARRIER (ELECTRON) CHARGE x 10 '%c

. 8
Fig.2(b): Effect of diffusion transport

phenomenon on lump charge
(JN = 2).
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Fig. 3: Lump boundary fields at selected voltage time frames.
(In=2) (a) with (b) without diffusion effects.

frames corresponding to: Sps before
maximum  diode voltage, at voltage
maximum, Sps later, at voltage minimum
and finally at 400ps from t (time) = 0. The
lump electron charge is plotted at the time of
maximum diode voltage. The graphs exhibit
all the salient features of the existing
trapped plasma mode oscillations
phenomena [13 ,14] namely: both the diode
voltage, Fig. 3, peak simultaneously, and the
fields throughout the diode collapse to near
zero as the voltage reaches its minimum
value; as the region of the field above the
breakdown value, Eg, (traveling avalanche
zone) shifts to the right across the diode, the
fields in its wake are increasingly depressed
while those in its immediate front are being
rapidly increased. But additional features
not previously reported in the literature are
also discernable. These features included the
influence of diffusion current effects and the
varying width of the traveling avalanche
zone. Inclusion of diffusion current effects
(Dn = 0. Dy = 0) is seen to reduce the peak
voltage (and field) reached at the onset of the
total voltage collapse, to increase the
oscillation frequency to reduce the duration
of the trapped plasma, and finally to reduce
the traveling avalanche zone obtained. These
results strongly suggest that careful control
of diffusion current parameters during the
TRAPATT diode fabrication is essential.

3.3 RESPONSE CHARACTERISTICS
VARIATION WITH APPLIED CURRENT

Fig. 4 shows the lump carrier charg at
the various times of voltage minimum and
maximum for varying drive current factor, Jy
. The shifting of the center of the lump
carrier charge further away from the
metallurgical junction as Jn increases,
indicates a broader effective avalanching
process with increase in current density. The

effective width, defined as measured to

% = 37% of the peak lump carrier charge at

the time of voltage maximum, is seen to be
an appreciable portion of the total diode
active region width. These results suggest
the following  conclusions: Although

avalanching process may be taking place

throughout the active
I

(a)

JN 2099

L 1 | 1 1 L

LUMP CARRIER (ELECTON) CHARSE x 100

4 8
LUMP BOUNDARY NUMBER
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Fig. 4(a): Lump charges for varying bias current at
voltage minimum

(»)
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Fig. 4(b): Lump charges for varying bias current at
voltage maximum

region width for terminal current levels
higher than the critical value, the effective
avalanching width for a given TRAPATT
diode structure is an increasing function of
the current density; thus in an actual
TRAPATT circuit, the effective avalanching
width rather than the nominal active region
width could be an important frequency
controlling parameter. This observation
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partly explains why the reported empirical
design criterion [14] relating the avalanche
region width W in microns to optimum
operating frequency. fo: in gigahertz, fop:
7/W, has been difficult to obtain in practice
for known TRAPTT structure.

The conduction current variation is
shown in Fig. 5. Note that the current
exhibits a pronounced peak (avalanche
conduction state) and a plateau (extraction
conduction state), and the current widths
diminish with decreased in applied current.
This implies the reduction of power
generation capability with decrease in
current as is expected in practice. Fig. 6
shows the possible limits of the diode model
response with Jn.

The voltage response indicates that for
Jn = 0.87, little or no trapped plasma
characteristics are evident and the IMPATT
mode may predominate, while for Jy = 6.00,
the voltage returns to its breakdown values
more than once in a cycle. This latter case is
characterized by a large spike in voltage,
faster rise and fall times, and is said to be
exhibiting heavy plasma characteristics. The
computed efficiency for this case is 21%
showing that, although

T MCcC .

Fig. 5: Diode conduction current with bias current

0 -
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Fig.6: Possible dicde model voltage
response limits.

the diode possesses higher power generating
capability at high-applied current levels, it
may do so at substantially reduced
efficiencies. The voltage response for Jx = 20
shows that when the applied current exceeds
a certain upper limit, the model diode is
suddenly saturated with trapped — plasma.
In a practical circuit, such a condition may
result in the diode burn-out.

From the above results, it is evident
that the frequency limits for useful trapped
plasma mode oscillations of a given diode
structure may by be studied by examining
the subperiods of the diode response. Fig. 7
examines these frequency limits in terms of
the following descriptive phrases: avalanche
voltage time factor, AVTF (voltage rise
time /voltage fall time), voltage cycle factor,
VCF  (voltage recovery  period/voltage
charging period), and conduction current
factor, CCF, (peak avalanche current/peak
extraction current.). The upper frequency
limit is shown to be synonymous with low
CCF, near unity AVTF and almost zero VCF.
This corresponds to a spiky condition
current waveform and short trapped-plasma
duration condition. The lower frequency
limit, on the other hand, is seen to be the
diode operating condition with high CCF and
VCF. This corresponds to the diode plasma
formation. The optimum efficiency region of
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TRAPATT operation.

the diode (shaded portion of the diagram) lies
within the frequency range for which Jy < 5
and efficiency <30 percent.

The results described above suggests a
possible tuning criterion for diodes when
embedded in actual RF circuits. The shape of
the diode voltage and conduction current
waveforms is related to the quality of the
operational output waveforms obtained in a
practical TRAPATT circuit, and is largely
controlled by the circuit tuning conditions.
Thus the diode should be tuned to operate in
the optimum efficiency region if high quality
output waveforms are desired. High quality
output characteristics are, of course, highly
desirable for many potential applications of
TRAPATT diodes particularly pulsed radar
and aircraft landing systems.

3.4. INFLUENCE OF DIODE PHYSICAL
PARAMETERS

A vital information in the design and
in the actual fabrication of TRAPATT diodes
is the effect of the diode physical parameters
on the device power capability and operating
frequency. Figs. 8 and 9 are the results of
some of the parametric studies on the model
diode. The maximum TRAPATT frequency
(Fig. 8) corresponds to the maximum
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attainable oscillation frequency for a given
drive current factor. It is seen that the
maximum frequency is inversely
proportional to the active region width as is
expected in practice. Fig. 9 shows that the
RF power density is linearly related to the
active region width. Above results strongly
suggest that narrow P+ - N - N* TRAPATT
silicon diodes (W<5 microns) would probably
yield their highest RF power outputs and
efficiencies when fabricated with low doping
density, and that for a specified operating
frequency, high doping density would require
high current density to initiate trapped
plasma mode oscillations.
3.5. EFFECT OF

CIRCUIT PARAMETER

THE PACKAGE
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In addition to the careful choice of
material parameters and the close process
control required in the manufacture of
TRAPATT diodes, careful attention must be
given to the local environment surrounding
the diode, namely the diode package. This is
essential if the diode is to be optimally
incorporated into the external RF circuit. In
this section, typical effects of some of the
package parasitics on the model diode
performance are examined. A common
packaging configuration for the diode is
considered in this paper. Its equivalent
circuit (Fig. 10) is obtained by assuming that
the package behaves essentially as a lossy
inductive element in series with the diode,
together with a shunt capacitance [19],
although more complicated models [20] may
be considered. The package elements are
represented as lumped because the physical
dimensions are normally smaller (typically
<0.052) than the wavelengths

e 1

Fig. 10: Packed Diode equivalent circuit assumed

of interest. By solving the diode model
equations together with the relevant package
current and voltage equation (I = —I L—P +

P
Vp—Vp

Lp
and Lp can be studied. Fig. 11a shows

;Vp1 = Vp + IrRp), the influence of Rp
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the effect of Rp on the diode voltage response. Rp is seen not to affect the diode recovery

time but to reduce the trapped plasma obtained. Consequently Rp should have
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Fig.ll: Computed effect of package resistance, R_ on
(a) diode woltage (b) efficiency. P

a strong influence on the diode efficient operation as shown in Fig. 11b. The effect of the package
inductance is indicated in Fig. 12a. It is shown that large values of the package inductance (and
hence inductance nearest the diode) not only excite large transients in the quiescent portion of
the voltage waveform but may also cause large amplitude distortion during the high conducting
state of the diode. This implies a deterioration in the diode performance and a decrease in the
operating frequency. This effect is shown in Fig. 12b, which also indicates the existence of an
optimum diode performance. The above results suggest the following conclusions:-

Optimum interaction — between the TRAPATT diode and the package circuit (and hence external
RF circuits) requires that the trapped plasma mode oscillations originating from the device must
not degrade appreciably as they pass through the diode package

200 Fower density
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Fig.l12: Computed effect of package inductance, on
(a) voltage response (b) diode performange
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to the external circuit, and a moderate
amount of inductance in the vicinity of the
diode is essential for optimum performance
in a practical TRAPTT circuit.

3.6. EXPERIMENTAL RESULTS

Experimental investigations  were
carried out on a typical high-power L-band
graded junction TRAPATT diode (Hughes
Aircraft Company, Model NWA 729) using a
conventional waxial TRAPATT oscillator
cavity [21] employing four tuning slugs. The
pertinent diode parameters are: active region
width (8microns), Np (3.4 x 104 cm=3), Vs
(200 wvolts), Diameter (800microns), Rp
(1.50hm), Lr (0.3 nH), Cp (0.3pF).

For each operating current level, the
diode was tuned for optimum efficiency
consistent with high - quality output
waveforms in order to reduce detected RF

Fig.1l3(a): Typical operational <

Middle Biss voltagre

Horizontal Scale: 200 ns/div.)
pectrum (5, = 1.36 GHz, P

. 8 »
(theory and experiment).
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leading-edge Jitter and obtain relatively
noise free and stable oscillations. A pulse
width of 200 ns was employed in the tests,
and the diode was subjected to a 0.1 per
cent duty cycle to minimize possible diode
failure due to thermal limitations. Fig. 13 (a)
and (b) shows typical operational output
waveforms and  corresponding  power
spectrum obtained. Note that pulse - jitter
and mode break-up are hardly visible in the
waveforms. This result coupled with the
symmetry and relatively well-defined nature
of the spectrum indicates low — noise, stable
trapped-plasma mode oscillations. The diode
RF performance capability shown in Fig. 13
(c), compares the theoretical calculations
using MWA 729 and the experimental
results. As may be easily seen the theory
exhibits close correlation with the practice
confirming the applicability of the theory to
practical design.
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4.0 . CONCLUSIONS

An economical modeling approach
that is suitable for the analysis of both the
actual TRAPATT device physics and the
diode-external circuit interaction has been
developed. Results obtained suggest that
careful control of diffusion
parameters is essential during TRAPATT
diode fabrication. It is shown that, for a
given TRAPATT diode structure, the effective
avalanching width rather than the nominal
active region width could be an important
frequency controlling parameter. Although
large values of inductance in the vicinity of
the diode inductance in the vicinity of the
diode may cause amplitude distortion during
the high conducting state of the diode, a
moderate value of this inductance is shown
to be necessary for optimum diode
performance.

The present analysis offers a
significant advance on previous trapped-
plasma oscillations models in giving a more
detailed description of the intrinsic diode
behaviour, in shedding light on the manner
in which the diode package circuit parasitics
and diode physical parameters affect the
diode performance, in dilineating the useful
operating frequency limits of a given diode
structure, and finally in providing a
relatively simple technique for device-
external circuit interaction evaluation. The
procedure outline in this work offers
opportunities for the designer to rapidly and
carefully optimize the diode, and the diode -
external circuit interaction, can be readily
applied to the modeling of other semi-
conductor devices, and provides an excellent
basis for the fuller exploitation of the
potential system applications of high power,
high efficiency semiconductor devices.
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